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Abstract
Foodborne diseases are an important cause of human illness worldwide. Humans acquire these infections from a
variety of sources and routes of transmission. Many efforts have been made in the last decades to prevent and
control foodborne diseases, particularly foodborne zoonoses. However, information on the impact of these
interventions is limited. To identify and prioritize successful food safety interventions, it is important to attribute
the burden of human illness to the specific sources. Defining scientific concepts and harmonizing terminology for
‘‘source attribution’’ is essential for understanding and improving attribution methodologies and for sharing
knowledge within the scientific community. We propose harmonized nomenclature, and describe the various
approaches for human illness source attribution and their usefulness to address specific public health questions.
Introduction
Pathogens commonly transmitted to humans throughfoods are responsible for a high burden of human illness
anddeathworldwide.TheWorldHealthOrganization (WHO)
estimates that 1.8 million children die each year from diar-
rhea, and much of the childhood diarrhea is caused by path-
ogens that are commonly acquired from contaminated food or
water. Furthermore, even in developed countries up to one
third of the population each year has an infection from a path-
ogen commonly transmitted through foods (WHO, 2005).
Humans acquire these infections through a number of routes,
including eating contaminated food, contactwith live animals,
and contact with a contaminated environment. Foodborne
transmission is recognized as being responsible for a major
proportion of these infections, and foodborne diseases may
involve many different food sources and commodities.
Several countries have implemented intervention pro-
grams during the last decades to prevent and control food-
borne diseases, particularly foodborne zoonoses (Wegener
et al., 2003; EFSA, 2006). However, precisemeasurement of the
public health impact of such interventions has been difficult,
in part because information on the attribution of the burden of
foodborne diseases to specific sources is often insufficient. To
prioritize appropriate food safety interventions, it is crucial to
attribute the human disease burden of each foodborne infec-
tion to specific sources (FAO=WHO, 2006).
A variety of general methods to attribute one or more
foodborne diseases to specific sources has been devel-
oped, including microbiological approaches, epidemiological
1National Food Institute, Technical University of Denmark, Lyngby, Denmark.
2Laboratory of Zoonoses and Environmental Microbiology, National Institute for Public Health and the Environment, Bilthoven, The
Netherlands.
3Epidemiology and Surveillance Unit, National Institute for Public Health and the Environment, Bilthoven, The Netherlands.
4Enteric Disease Epidemiology Branch, Division of Foodborne, Bacterial, and Mycotic Diseases, National Center for Zoonotic, Vectorborne,
and Enteric Diseases, Centers for Disease Control and Prevention, Atlanta, Georgia.
5Institute for Risk Assessment Sciences, Utrecht University, Utrecht, The Netherlands.
6In addition to the authors: Andreas Schroeter (Federal Institute for Risk Assessment [BfR], Germany), Anne Brisabois (French Food Safety
Agency [AFSSA]), Anne Thebault (AFSSA), Annemarie Ka¨sbohrer (BfR), Carl Schroeder (United States Department of Agriculture [USDA]),
Christina Frank (Robert Koch Institut [RKI], Germany), Chuanfa Guo (USDA–Food Safety and Inspection Service [FSIS]), Danilo Lo Fo Wong
(National Food Institute [NFI], Technical University of Denmark), Do¨rte Do¨pfer (Wageningen University, The Netherlands), Emma Snary
(Veterinary Laboratories Agency [VLA], UK), Gordon Nichols (Health Protection Agency, UK), Heidi Spitznagel (BfR), Helene Wahlstro¨m
(National Veterinary Institute, Sweden), Julie David (AFSSA), Katarzyna Pancer (National Public Health Institute, Poland), Klaus Stark (RKI),
Lars Plym Forshell (National Food Administration, Sweden), Padraig Nally (VLA), Pascal Sanders (AFSSA), and Petra Hiller (BfR).
FOODBORNE PATHOGENS AND DISEASE
Volume 6, Number 4, 2009
ª Mary Ann Liebert, Inc.
DOI: 10.1089=fpd.2008.0208
417
approaches, intervention studies, and expert elicitation ap-
proaches. Each of these general methods presents advantages
and limitations, and the usefulness of each depends on the
public health questions being addressed (Batz et al., 2005).
Several groups are using attribution methods, but these often
have different nomenclature and food categorization schemes.
Defining scientific concepts and harmonizing terminology are
essential for understanding and improving attribution meth-
odologies and sharing knowledge across the scientific com-
munity. In this paper, we propose harmonized nomenclature;
describe different approaches to human illness attribution;
and discuss the advantages, limitations, and applicability of
each approach in answering different questions along the
farm-to-consumption continuum, while emphasizing that the
choice of the attribution method will depend on the pathogen
and the public health question being addressed.
Definitions
Human illness ‘‘source attribution’’ may be defined as the
partitioning of the human disease burden of one or more
foodborne infections to specific sources, where the term source
includes animal reservoirs and vehicles (e.g., foods). The
human disease burden can be measured by the number of
laboratory-confirmed (reported) infections or by the estimated
total number of infections. To enable comparisons and to ac-
count for morbidity and mortality, the human disease burden
can be expressed as disability adjusted life years (DALYs).
Attribution of human illness to specific sources requires
categorization of the sources. Harmonization of the categori-
zation scheme is needed for comparisons and integration of
results from various models and approaches. Such a system
should be hierarchical, while accommodating different levels
of detail required for different purposes. The categorization
scheme should fit with food consumption databases and be
internationally standardized.
General Approaches for Source Attribution
Microbiological approaches
One general method for attribution of the human disease
burden of foodborne infections to specific sources is ‘‘micro-
biological approaches.’’ Microbiological approaches for
source attribution include the microbial subtyping approach
and the comparative exposure assessment approach. Both
approaches involve isolation of the pathogen from the various
sources and from ill humans. The microbial subtyping ap-
proach requires a representative distribution of the subtypes
of the pathogen in the different sources and humans, but does
not depend on estimates of the prevalence of the subtypes in
each source. The comparative exposure assessment approach
requires estimates of the prevalence and concentration of the
pathogen in each of the sources of exposure.
Microbial subtyping approach. The microbial subtyping
approach involves characterization of isolates of a specific
pathogen by phenotypic and=or genotypic subtyping meth-
ods (e.g., serotyping, phage typing, antimicrobial suscepti-
bility testing, pulsed-field gel electrophoresis, sequence-based
subtyping). The principle is to compare the subtypes of iso-
lates from different sources (e.g., animals, food) with those
isolated from humans. The microbial subtyping approach is
enabled by the identification of strong associations between
some of the dominant subtypes and a specific reservoir or
source, providing a heterogeneous distribution of subtypes
among the sources. As a first step, subtypes isolated
exclusively or almost exclusively from one source are re-
garded as ‘‘indicator subtypes,’’ and the human infections
caused by each indicator subtype are assigned (attributed) to
that specific source. The relationship between the relative
occurrence (i.e., proportion of positive samples or positive
isolates) of each indicator subtype in the source and the inci-
dence of human infections caused by that indicator subtype is
then determined. Finally, human infections caused by sub-
types found in several sources are assigned to specific sources
proportional to the occurrence of the indicator subtypes. The
application of this approach assumes that the distribution of
subtypes in the collection of isolates in each source used in the
attribution exercise is similar to the true distribution of sub-
types in each source. Because the microbial subtyping ap-
proach utilizes a collection of temporally and spatially related
isolates from various sources, it is facilitated by an integrated
foodborne disease surveillance program that is focused on the
collection of isolates from the major food animal reservoirs of
foodborne diseases.
There have been several applications of the microbial
subtyping approach for Salmonella source attribution (e.g.,
Van Pelt et al., 1999; Sarwari et al., 2001). The most advanced
application of the microbial subtyping approach for Salmo-
nellawas developed in Denmark (Hald et al., 2004). Using data
from the integrated Danish Salmonella surveillance program, a
mathematical model was developed to quantify the contri-
bution of each of the major food animal sources to human
Salmonella infections. The ‘‘Danish Salmonella source account’’
model attributes domestically acquired laboratory-confirmed
human Salmonella infections caused by different Salmonella
subtypes (serotypes and phage types) as a function of the
prevalence of these subtypes in animal and food sources and
the amount of each food source consumed, using a Bayesian
framework withMarkov chainMonte Carlo simulation (Gilks
et al., 1996). This microbial subtyping approach has proved to
be a valuable tool in focusing food safety interventions to
the appropriate animal reservoir in Denmark and provides
an example of potential synergy between quantitative risk
assessment and public health surveillance (Hald et al., 2004).
Another example of the microbial subtyping approach is
the use of multilocus sequence typing (MLST) of Campylo-
bacter jejuni isolates from foods and humans, being applied in
the United Kingdom (Dingle et al., 2002) and New Zealand
(French, 2007). In this microbial subtyping approach, MLST is
used to identify lineages in bacterial populations by indexing
the variation present in seven housekeeping genes located in
various parts of the chromosome (Dingle et al., 2001).With the
development of novel analysis tools such as the ClonalFrame
algorithm (Didelot and Falush, 2007), MLST has been used to
identify clonal complexes associated with different isolation
sources that, in some instances, correspond to different host
species. As an increasing number of isolates, including iso-
lates from various sources, are added to the MLST database
(accessible on the internet), there will be increased precision in
the attribution of human infections to host sources (McCarthy
et al., 2007). Recently, MLST data were utilized to attribute the
sources of human C. jejuni infections in New Zealand using
two microbial subtyping models, the ClonalFrame algorithm
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and the Danish Salmonella source account; both models gave
similar results (French, 2007).
When the microbial subtyping approach is applied at the
point of production, it quantifies the contribution of the most
important reservoirs of the specific pathogen, assuming iso-
lates are available from those reservoirs. Because pathogens
can be transmitted through a variety of sources, interventions
that control the pathogen at the reservoir level, before the
dissemination of the pathogen through numerous transmis-
sion pathways, should result in important declines in human
infections.
A limitation is that the microbial subtyping approach is
restricted to pathogens that are heterogeneously distributed
among the sources. Furthermore, the microbial subtyping ap-
proach will only attribute illness to those sources from which
isolates are available. The microbial subtyping approach is
also data intensive and requires a sufficiently large and rep-
resentative sample from each source. Independent of the typ-
ing method used, the application of strain typing to make
inferences on the sources of human infections must be done
with appreciation of the strengths and limitations of typing
methods (Olsen et al., 1993; Tenover et al., 1997). Clonality is
defined as the high probability that two isolates that are iden-
tical by typing are related to each other, and the confidence in
this probability becomes greater when more than one typing
method is applied (Olsen et al., 1993).
Comparative exposure assessment approach. The prin-
ciple of the comparative exposure assessment approach is to
determine the relative importance of the known transmission
routes by estimating the human exposure to that pathogen via
each route. The comparative exposure assessment approach
requires, for each known transmission route, information on
the prevalence and dose of the pathogen in the source, the
changes of the prevalence and quantity of the pathogen
throughout the transmission chain, and the frequency atwhich
humans are exposed by that route. These data provide an es-
timate of the exposure dose for each transmission route. The
exposure doses are compared and the human disease burden
(e.g., the observed laboratory-confirmed infections or esti-
mated total number of infections) caused by the specific
pathogen is partitioned to each of the various transmission
routes, proportionally to the size of the exposure dose. The
estimates of exposure dose for each transmission route can be
combined with a dose–response model to predict the number
of infections from each route, similar to what is done in tra-
ditionalmicrobial risk assessments. The comparative exposure
assessment approach for source attribution differs from tra-
ditional risk assessment in its objective and level of detail. A
risk assessment typically aims at describing the complex dy-
namics of a pathogen in a single food commodity during food
processing, and predicting the relative public-health effect of
different interventions strategies—alone and in combination.
In contrast, the comparative exposure assessment aims at
partitioning the observed (or predicted) human disease bur-
den to all known transmission routes, including various foods,
direct contact with live animals, and environmental exposures.
For this purpose, the various transmission routes are modeled
in amore simplified and less detailedway that represents only
the main steps in the transmission pathway.
A comparative exposure assessment approach was used to
attribute human Campylobacter infections to various trans-
mission routes in the Netherlands (Evers et al., 2008). Human
exposure across the major transmission routes was estimated
in a stochastic model as the mean dose of Campylobacter in-
gested per person per day, averaged over the entire Dutch
population. Thirty-one transmission routes related to inges-
tion of food and direct contact with animals and water were
investigated. Another example of this approach was devel-
oped to attribute human Campylobacter infections in New
Zealand, where a model was used to explore the relative
importance of four of the most commonly identified routes
of exposure: food (poultry and red meat), drinking water,
freshwater swimming, and occupational contact (livestock).
The model estimates the mean daily dose to which an average
individual is exposed to from each route, and, by comparing
the relative exposure doses, human Campylobacter infections
were attributed to the sources (McBride et al., 2005).
The strength of the comparative exposure assessment ap-
proach is that it attributes human illness to sources of expo-
sure, taking into account the different transmission routes
from the same reservoir, e.g., estimating the role of dairy
products and beef from the cattle reservoir. However, this
approach is often limited by a lack of sufficient data (e.g.,
comparable prevalence data or data on exposure through
different routes), which results in large uncertainties around
the estimates.
Epidemiological approaches
A second general method for attribution of the human
disease burden of foodborne diseases to specific sources is
‘‘epidemiological approaches.’’ Epidemiological approaches
for source attribution usually involve interviews of patients to
elicit the patient’s recall of foods consumed or other exposures
before illness began. Some patient interviews are undertaken
as a routine activity under the existing public health surveil-
lance infrastructure. Additional studies may be performed
to determine factors associated with apparently sporadic in-
fections or in association with investigations of outbreaks of
human infections. An outbreak is defined as the occurrence of
two or more cases of a similar illness resulting from the ex-
posure to a common source (Olsen et al., 2000), while sporadic
cases represent cases that have not been associated with
known outbreaks (Engberg, 2006). In some circumstances,
cases classified as sporadic may belong to undetected out-
breaks. Identification of possible sources of apparently spo-
radic infections and outbreaks may be undertaken using
analytical epidemiological studies, which involve interview-
ing persons who are (or will become) ill and persons who are
not (or will not become) ill, or case-series studies, which in-
volve interviewing only individuals who are ill.
Studies of sporadic infections. Several types of studies
have been performed to identify possible sources of appar-
ently sporadic human infections. Case–control studies are the
most commonly used analytical epidemiological studies for
identifying possible exposures associated with sporadic in-
fections. To allow sufficient enrollment of patients, case–
control studies of sporadic infections are often conducted over
an extended period of time and commonly use public health
surveillance to ascertain culture-confirmed cases. Typically,
selected case-patients and a corresponding group of asymp-
tomatic, and therefore assumed to be uninfected, individuals
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(controls) are interviewed, and the relative role of exposures is
estimated by comparing the frequency of exposures among
cases and controls. When infections are associated with an
exposure, the proportion of cases attributed to the exposure
can be calculated and is defined epidemiologically as the
‘‘population attributable fraction’’ (PAF) (Clayton and Hills,
1993). The PAFs can be used to partition the human disease
burden to specific sources (Stafford et al., 2008).
Numerous case–control studies of sporadic infections of
diseases commonly transmitted through food, including zoo-
notic diseases, have been published. Some of these studies cal-
culate only measures of association, e.g., Salmonella Enteritidis
infections in Denmark (Mølbak and Neimann, 2002) and
Campylobacter infections in Denmark (Wingstrand et al., 2006),
while others estimate the PAF, e.g., Shiga toxin–producing
Escherichia coli O157 infections in the United States (Voetsch
et al., 2007). Case–control studies, when combinedwith data on
the human health burden of the disease under study, can also
be utilized to attribute that burden to specific sources. A good
example is the recently published study for sporadic Campy-
lobacter infections in Australia (Stafford et al., 2008), where the
authors determine the PAF for various exposures, and combine
the PAF estimates with estimates of the burden of Campylo-
bacter to partition the burden to specific sources.
Case–control studies are a valuable tool to identify potential
risk factors for human infections, including sources and pre-
disposing, behavioral or seasonal factors (Engberg, 2006).
Moreover, in addition to individual case–control studies, a
systematic reviewof published case–control studies of sporadic
infections of a given pathogen can provide an overview of the
relevant exposures and risk factors for that infection, and a
summary of the estimated population attributable fractions for
each exposure. An overall population attributable fraction de-
rived from a meta-analysis or weighted summary of several
case–control studies of a certain pathogen can be combined
with estimates of the burden of illness caused by that pathogen
to estimate the burden of illness attributed to each exposure.
A limitation of epidemiological approaches, particularly
case–control studies, is that cases that are not associated with
a recognized outbreak reflect a mixture of possible sources of
exposure, and it may be difficult to distinguish between these
exposures. Another limitation is that the statistical power to
determine the importance of common exposures often re-
quires enrollment of many participants. Furthermore, a limi-
tation of case–control studies is the lack of accuracy in the
recall of exposures by participants (ill and well participants).
This misclassification of exposures commonly leads to an
underestimation of the burden of illness attributed to specific
exposures (Stafford et al., 2008).
Cohort studies, another type of analytical epidemiological
study, are used less often for sporadic infections, since they
usually require interviewing more persons than is practical,
most of whom are not infected. Examples of cohort studies
performed to determine the overall disease burden attribut-
able to specific pathogens include the study of sporadic in-
fections by de Wit et al. (2002) and the Infectious Intestinal
Disease study in the United Kingdom (Wheeler et al., 1999).
Case-series studies of sporadic infections are commonly
conducted, particularly for uncommon diseases that have a
well-recognized source of infection, to which persons without
the infection are infrequently exposed. Examples of case series
studies of sporadic infections and the common source for that
disease include botulism associated with home-canned foods
(Sobel et al., 2004), Vibrio vulnificus and oysters (Shapiro et al.,
1998), and Salmonella Typhi infections and foreign travel in the
United States (Ackers et al., 2000). When an exposure is un-
common in the general population, case series studies of a
sporadic infection can be used to determine the frequency of
that exposure among the cases, and that frequency can be con-
sidered against the proportion of the burden of illness caused
by that disease that is attributed to that specific exposure.
Analysis of data from outbreak investigations. Another
epidemiological approach for source attribution involves con-
ducting an analysis of the information available from outbreak
investigations. An investigation of an individual outbreakmay
involve both microbiological and epidemiological data; the
epidemiological data may be derived from interviewing only
infected persons (i.e., a case-series) or from interviewing both
infected and noninfected persons. Typically, the microbiologi-
cal data in an individual outbreak investigation are used to
generate hypotheses about the source of the outbreak or to
support the results of an epidemiological investigation. Many
outbreak investigations are successful in identifying the spe-
cific source for the human infections. By conducting an analysis
of data from outbreak investigations, the most common food
vehicles involved in outbreaks can be identified. A simple
analysis or summary of outbreak investigations is useful for
attributing illnesses to foods, but often the implicated food item
in an individual outbreak is a ‘‘complex’’ food, containing
several food items, many of which could be the specific source
of the infection. Several methods have been used to include the
information of complex foods involved in outbreaks when
conducting an analysis of data from outbreak investigations to
attribute human illness to sources.
An example of an analysis of data from outbreak investi-
gations for source attribution was developed in the United
Kingdom. This analysis used data from individual outbreak
investigations reported through national surveillance and
population-based studies to estimate the number of human
foodborne infections in England and Wales associated with
specific food sources (Adak et al., 2005). In this method, indi-
vidual outbreak investigations that implicated complex foods
were not included in the analysis. An alternative method for
conducting an analysis of data from outbreak investigations is
being developed in the United States. In this method, food
items implicated in foodborne outbreaks reported to the Cen-
ters for Disease Control and Prevention via the electronic
Foodborne Outbreak Reporting System are used to attribute
illnesses to specific foods. Food items are categorized into a
hierarchical scheme, according to their ingredients. Foods
that contain ingredients that are members of a single com-
modity are considered ‘‘simple foods,’’ while foods that contain
ingredients that are members of multiple commodities are
considered ‘‘complex foods.’’ As an example, ground beef is a
simple food, whereas meat pie is a complex food. Each impli-
cated food is assigned to one or more mutually exclusive food
commodities, according to its ingredients. For outbreaks that
have implicated a simple food item, all illnesses are attributed
to that single commodity. For outbreaks that have implicated a
complex food item, illnesses are partitioned to each commodity
in the complex food according to the proportion of illnesses
attributed to each of those commodities in outbreaks caused by
simple foods. As a result, illnesses in an outbreak due to a
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complex food item are attributed to a commodity in the im-
plicated complex food, only if that commodity has been im-
plicated in at least one outbreak due to a simple food. The
number of illnesses attributed to each commodity are then
summed and used to determine the percentage of disease at-
tributed to each commodity. To estimate the attribution of all
foodborne illness in the United States (and not just illnesses
involved in reported outbreaks), the percentages of illness for
each disease attributed to each commodity were weighted by
the estimated annual burden of illness for each pathogen.
A limitation of an analysis of data from individual outbreak
investigations is that many outbreaks may not be detected,
investigated, or reported. In many cases, a pathogen is not
identified, the source is not elucidated, or both. Also, the
quality of evidence varies and classification schemes for the
data are not consistently used. Large outbreaks, outbreaks
associated with point sources, outbreaks that have short in-
cubation periods, and outbreaks that cause serious illness are
more likely to be detected, investigated, and reported. As a
consequence, the burden of illness in the population attrib-
uted to some food sources may be underestimated, which will
likely vary by pathogen (Batz et al., 2005). Another limitation
is that categorization of foods may differ from one analysis to
another. A third limitation of an analysis of data from indi-
vidual outbreak investigations is that foodborne illnesses in-
cluded in data from outbreak investigations may not be
representative of all foodborne illnesses. Finally, certain food
vehicles are more likely to be associated with reported out-
breaks than others, which can lead to an overestimation of the
proportion of human illnesses attributed to a specific food.
An advantage of data from outbreak investigations is that
clear documentation that a specific pathogen was transmitted
to humans via a specific food item can be available. Further-
more, an analysis of data from outbreak investigations to at-
tribute foodborne illness to specific sources may sometimes
include information on the point of contamination at the farm
to consumption chain, particularly when individual outbreak
investigations have complete trace back information avail-
able. Another advantage is that awide variety of food vehicles
are represented, including less frequently identified food
items (e.g., almonds or sprouts). Finally, an analysis of data
from outbreak investigations may in some countries or re-
gions be the most readily available source of information for
human illness attribution purposes.
Intervention studies
A third general method to attribute the human disease
burden of one or more foodborne infections to specific sources
is the use of intervention studies. Intervention studies can
provide compelling evidence of the burden of illness attributed
to a specific source, particularly if the intervention is conducted
in a randomized, double-blinded design. Intervention studies
have proven useful, for example in developed countries in
determining the population disease burden from a particular
exposure (e.g., drinking water), and in developing countries in
determining the burden of illness from a variety of hygiene-
related factors. Intervention studies can be designed as small-
scale (e.g., at farm level) or larger-scale (e.g., interventions at a
national level) studies to control a certain foodborne disease.
Examples of intervention studies include the experiences of
reducing the burden of human campylobacteriosis from
poultry meat in Iceland (Stern et al., 2003) and human salmo-
nellosis in Denmark (Wegener et al., 2003).
Accidental interventions, where a decrease or increase in
human disease incidence can be observed due to a change in
exposure or behavior of the population at risk (e.g., sudden
changes in consumption of certain food items) may occur.
Examples include the sudden decline in beef consumption
due to bovine spongiform encephalopathy in the United
Kingdom, and declines in chicken consumption due to out-
breaks of avian influenza in Europe. By analyzing changes in
consumption and numbers of reported cases of human illness,
it is possible to estimate the number of human cases attrib-
utable to specific sources. For example, in June 1999, the use of
dioxin-contaminated chicken feed in Belgium resulted in the
withdrawal of chicken meat and eggs from the market (Vel-
linga and Van Loock, 2002). A decrease in reported human
Campylobacter infections also occurred in Belgium, beginning
in June 1999. Public health surveillance data from preceding
years (1994 to 1998) were used to predict the number of
humanCampylobacter infections expected in 1999. The number
of reported cases in 1999 was substantially lower (40%) than
the expected, suggesting that 40% of reported human Cam-
pylobacter infections in Belgium could be attributed to chicken
(Velling and Van Lock, 2002).
Expert elicitation approaches
A fourth general method to attribute the human disease
burden of foodborne diseases to specific sources is ‘‘expert
elicitation approaches.’’ Expert elicitations are commonlyused
to address data gaps. Several studies have used expert elici-
tations to estimate the proportion of human infections that are
foodborne, which can be viewed as a first step in source at-
tribution (e.g., Mead et al., 1999; Van Duynhoven et al., 2002;
Hoffmann et al., 2007).
One of the approaches used for expert elicitation is the
generalized framework for expert judgment studies from
heterogeneous expert panels based on the Group Delphi
method (Henson, 1997), which has been adapted for source
attribution of foodborne illness in New Zealand (Lake et al.,
2006). The process involved selection and invitation of ex-
perts, distribution of summary sheets for each food–hazard
combination, a group meeting and completion of a question-
naire (without discussion). The results of the questionnaires
were then aggregated by Monte Carlo simulation of pert
distributions with equal weighting of each participant and
reported back to the group. A period of discussion followed
and the estimates for the questionnaire were then repeated by
each expert and re-aggregated. A final report was prepared
and sent to each participant with the possibility of further
comment. The discussion period was considered valuable in
generating consensus and exchanging information (Lake et al.,
2006). Another example of the use of a systematic expert
elicitation approach for source attribution is the study per-
formed to estimate the fraction of human cases of enterically
transmitted illness by five major pathways (food, environ-
ment, direct animal contact, human–human transmission, and
travel) and by 11 groups within the food pathway. In this
study, 16 food safety experts were asked to provide their es-
timates of the most likely range for each of the parameters,
and joint probability distributions were created by probabi-
listic inversion (Havelaar et al., 2008).
ATTRIBUTING FOODBORNE ILLNESS TO SPECIFIC SOURCES 421
Although expert elicitation is useful when data are lacking,
a limitation is that the conclusions are based on individual
judgment, which may be misinformed or biased (Batz et al.,
2004). Nevertheless, for some pathogens or diseases, expert
elicitations may be the only available method for source
attribution.
Points of Source Attribution
Human illness source attribution can take place at different
points along the food chain, including at production, distri-
bution and consumption. Source attribution at the point of
production most closely represents attribution of the food-
borne pathogen at the reservoir level. A reservoir is defined as
an animal species or a nonanimal substance upon which the
pathogen depends for its survival (Martin et al., 1987).
Because pathogens that cause foodborne disease may enter
the food distribution chain at different points, the burden of
illness caused by one disease attributed to specific sources
may vary, depending on the point along the food chain the
approach focuses on. For example, because cattle are the most
important reservoir of Escherichia coli O157:H7, attribution of
FIG. 1. Routes of transmission of zoonotic pathogens and points of human illness attribution. Travelling abroad is not
considered to constitute a route of exposure by itself, as the main routes described will also apply for travelers. Still, it is
common to include traveling abroad as a source on its own, which is the reason for including it in this diagram.
Table 1. Harmonized Terminology and Methodology for Attribution of Human Illness to Specific Sources
Concept Definitions
Human illness source attribution Partitioning of the human disease burden of one or more
foodborne infections to specific sources
Source Origin of the pathogen causing infection, including animal
reservoirs and vehicles, e.g., foods and water.
Points of attribution Points in the food chain where human illness attribution can
take place, including production, distribution and consumption
Approaches Methods
Microbiological approaches Microbial subtyping
Comparative exposure assessment
Epidemiological approaches Studies of sporadic cases Case–control studies
Cohort studies
Case-series studies
Analysis of data from outbreak investigations
Expert elicitation approaches
Intervention studies
422 PIRES ET AL.
E. coliO157:H7 infectionswill partitionmore illness to cattle at
the point of production (reservoir) than it will partition to beef
at the point of consumption, since other foods, besides beef,
may be contaminated with the pathogen.
Some of the general methods to attribute foodborne dis-
eases to specific sources work primarily at one point in the
food chain (e.g., epidemiological approaches work primarily
at the point of consumption), while other general methods
(e.g., expert elicitation approaches) can be more generally
applied. The general method for source attribution chosen,
and consequently the point of attribution, will depend on the
availability of data and on the risk management question be-
ing addressed. Figure 1 presents themajor transmission routes
for foodborne infections, including zoonotic infections, and
indicates at which point in the transmission chain the different
approaches attribute human illness.
Conclusion
To identify and prioritize appropriate food safety inter-
ventions and to precisely measure the impact of interventions
aimed at controlling foodborne diseases, it is crucial to attri-
bute the human disease burden of foodborne infections to
specific sources. Several general methods for human illness
source attribution have been developed and are being uti-
lized, and the usefulness of each depends on the pathogen, the
specific public health questions being addressed, the data
availability, and the strengths and limitations of the different
methods.
The limitations of the different general methods for source
attribution may be overcome by the integration of different
methods. The described approaches often focus on only one
point of the transmission chain (e.g., point of reservoir or point
of exposure),whichmeans that choosing only one approach for
source attribution may be inadequate to answer specific risk
management questions. The integration of source attribution
approaches aims at improving the estimates at the same point
or at different points of attribution. Examples include blending
data from studies of sporadic infections and analysis of data
from outbreak investigations (integration at the same point of
attribution), blending of case–control studies and the microbial
subtyping approach, and integration of the microbial subtyp-
ing approach and the comparative exposure assessment ap-
proach (integration of different points of attribution).
Like epidemiological approaches in general, source attri-
bution approaches describe an association between the out-
come (the burden of a given disease) and the specific sources
or exposures. Source attribution methods attempt to attribute
the burden of disease at the population level, and do not de-
scribe causation of disease at the individual level.
Human illness source attribution is increasingly used to
partition human illness to the most important sources and
as such support risk management strategies. In this paper,
we discussed the available source attribution approaches, and
introduced nomenclature that should contribute to the har-
monization of concepts, definitions, and methods. Table 1
summarizes our proposal for such harmonization. We con-
clude by encouraging other scientists that apply human ill-
ness source attribution to clearly address and define as a
minimum: 1) the sources considered, 2) the point(s) of attri-
bution addressed and 3) the attribution approach(es) chosen,
because this is crucial for the sharing of knowledge between
research groups and the comparison of results among the
scientific community.
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